The synthesis, characterization, and reactivity of an aluminum alkoxide complex supported by a ferrocene-based ligand, (thiolfan*)Al(O t Bu) (1 red , thiolfan* = 1,1'-di(2,4-di-tert-butyl-6-thiophenoxy)ferrocene), are reported. The homopolymers of L-lactide (LA), ε-caprolactone (CL), δ-valerolactone (VL), cyclohexene oxide (CHO), trimethylene carbonate (TMC), and their copolymers were obtained in a controlled manner by using redox reagents. Detailed DFT calculations and experimental studies were performed to investigate the mechanism. Mechanistic studies show that after the insertion of the first monomer, the coordination effect of the carbonyl group, which has usually been ignored in previous reports, can significantly change the energy barrier of the propagation steps, thus playing an important role in polymerization and copolymerization processes.
Synthesis and characterization of aluminum complexes. A successful synthesis of 1 red is shown in Scheme 1. The reaction of AlEt2Cl and H2(thiolfan*) in toluene at -78 o C led to the formation of (thiolfan*)AlCl (1-Cl), which then underwent a salt metathesis reaction with KO t Bu, in a mixture of tetrahydrofuran (THF) and hexanes (Hex), to give 1 red . It should be noted that other methods to prepare 1 red failed, including the reaction of AlMe2(O t Bu) with H2(thiolfan*). 73 Compounds 1 red and 1-Cl are both yellow powders. Crystals of 1-Cl suitable for X-ray diffraction could be obtained via recrystallization from toluene with a few drops of THF at -30 o C ( Figure 1 ). The Al center is five-coordinated, similar to what was observed in other Al ROP pre-catalysts. 65, [74] [75] [76] As there is one THF ligand present in the molecule, only one of the thiolfan* S atoms is coordinated to Al. Based on the structure of (thiolfan*)Ti(O i Pr)2, 31 we propose that, in the absence of THF, both sulphur atoms are coordinated to Al. However, once a substrate (LA for instance) binds, one of them dissociates to keep the Al center As expected, the corresponding 1 H NMR spectrum indicated the formation of a paramagnetic species.
However, the 19 F NMR spectrum was more informative, showing a signal at -62.4 ppm that was assigned to 1 ox as Ac FcBAr F has poor solubility in C6D6. This paramagnetic product could be reduced back to the starting material 1 red by the addition of an equivalent of CoCp2. DFT calculations indicate that the singly occupied molecular orbital (SOMO) of 1 ox is mainly localized on the ferrocene fragment ( Figure 2 ). Thus, it should be possible to apply the redox-switchable strategy to compounds 1 red and 1 ox (Scheme 2).
Polymerization studies. Metal alkoxide species, M-OR, have been shown to be the true active species in numerous ROP processes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [18] [19] [20] [21] [22] [23] [24] For example, in 2004, Lewiński and co-workers reported the first structurally characterized aluminum ε-caprolactone complex, indicating that the Al-Me group has poor reactivity with CL. 77 Thus, in most ROP cases, an alcohol is used as an initiator and is essential in order to start the polymerization. With 1 red and 1 ox in hand, the polymerization of various monomers was first tested ( Table 1 ). The ROP of LA proceeded at 70 o C, while the ROP of other monomers was carried out at room temperature in C6D6.
The polymers obtained from the above reactions were quenched by pouring the reaction mixtures into methanol and the precipitates were characterized by size exclusion chromatography (SEC, also abbreviated as GPC, gel permeation chromatography, in the text) with a multi-angle light scattering (MALS)
detector.
In the polymerization of LA with 1 red , the molar mass corresponds well with the predicted value and has a narrow dispersity, while <5% conversion was observed with 1 ox even at 100 o C overnight. These results were also observed with other redox switchable systems. 28, 31, 37, 43, 78 However CL, VL, and TMC behaved rather differently (Table 1 ). Both forms, 1 red and 1 ox , could polymerize these monomers, normally with lower rates for 1 ox than 1 red . An explanation for this behavior is provided by DFT calculations and will be presented below. Herein, we discuss the experimental details of the ROP of CL as an example. In all cases, a higher molar mass than expected was observed. Although the polymer of CL obtained from a reaction carried out at room temperature has a relatively narrow dispersity (vs that obtained at 70 o C), its molar mass is much larger. These results could be attributed to a partial deactivation/inhibition of the catalyst, the occurrence of transesterification reactions (especially given the high temperature used), and/or to different initiation and propagation rates. An explanation for 7
the observed values will be discussed in the DFT calculation section. The ROP of VL and TMC behaved similarly (Table 1) .
On the other hand, the activity toward CHO showed the opposite trend to that observed for LA: the conversion reached >90% within 20 min at room temperature with 1 ox , while <5% conversion was achieved with 1 red even at 70 o C overnight (Table 1) .
The coordination-insertion mechanism is widely accepted in ROP systems with metal catalysts. An end-group analysis of our PLA by 1 H NMR spectroscopy ( Figure S17 ) showed that the polymer was capped by an O t Bu group, also indicating that this reaction proceeded through a coordination-insertion mechanism. Together with previous results from our group and others, we assume that the redox switchable catalysts with M-OR groups proceed through a coordination-insertion mechanism during a ROP process. In order to explain the above results, the propagation steps of ROP were considered. We first tested 1 red in a reaction with only 2 equivalents of LA. As shown in Figure 3 , the first equivalent of LA reacts with 1 red within minutes at room temperature (for comparison, the polymerization of LA occurs at 70 o C).
However, the other equivalent of LA remained unreacted even after 3 days at room temperature. Furthermore, the addition of 10 equivalents of CL at room temperature also led to no reaction (for comparison, the ROP of CL by itself is facile at room temperature), indicating that the propagation becomes difficult after the first insertion of LA. ] (phosfen = 1,1'-di(2-tert-butyl-6-diphenylphosphiniminophenoxy)ferrocene)), which could react with one equivalent of LA but could not react with another. 28 Those results indicate that the insertion of the first LA was facile in all those cases. However, after the first insertion, the strong chelation effect of the five-membered ring causes a significant rising in the activation barrier for the next insertion.
The fact that the activation barrier for the insertion of another LA increased indicates that the rate of the propagation step was much slower than that of the initiation step, guaranteeing living LA polymerization characteristics, with a narrow dispersity ( Table 1) . For other monomers (CL, VL, and TMC), the insertion of the first monomer would not cause such a significant chelation effect, implying a similar activation barrier for the propagation and initiation steps. This might cause broader dispersity values and higher molar masss (Table 1) ; such phenomena were reported in the literature without a detailed explanation. 1 H NMR (300 MHz, C6D6) spectra of the reaction between 1 red and two equivalents of LA.
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Previously reported examples of TMC polymerizations by aluminum complexes following a coordination-insertion mechanism also showed a broad dispersity together with higher than expected molar masss. [83] [84] [85] However, if the metal catalysts reacted as Lewis acids and TMC was polymerized by an appropriate Lewis acid/ROH pair instead, the PTMC material could be chain-length controlled. 53, 85 These results indicate that mechanistic studies are important in order to design appropriate polymerization systems for different monomers.
Recently, Byers and co-workers reported that the polymerization of CHO, using a cationic iron(III) alkoxide complex, underwent a coordination-insertion mechanism and was non-living. 78 In the case of the CHO polymerization by 1 ox , we also prefer a coordination-insertion mechanism rather than a cationic polymerization mechanism. This assumption is supported by DFT calculations (see the DFT calculation section). The polymerization of CHO by 1 ox (Table 1) is also non-living because the barriers of the propagation and initiation are rather low and close in energy.
Kinetics studies of LA and TMC polymerizations were then carried out as examples. As shown in Table 2 , entry 3 (top) and Table 2 , entry 7 (bottom).
The blue lines correspond to copolymers and the red lines to the respective homopolymers before adding the second monomer. The baselines are calibrated, the peak area ratios are adjusted, and the curves are Because PLA-PCL di-block polymers prepared by sequential addition are widely studied and accepted, 5-8,10-13 we will discuss this system in detail later in the DFT calculation section as an example.
Since 1 red behaves similarly to other ROP Al catalysts, 5-13,52,53 herein, we will describe just the LA-TMC co-polymerization as an example. As shown in Table 2 (entry 1), we obtained a copolymer with a broad dispersity and higher molar mass than expected.
The oxidized catalysts usually have poor reactivity in other ROP systems. 28, 39, 40, 43, 44, 49 Thus more examples studying sequential addition polymerization using 1 ox were tested. The PCL-PCHO and PTMC-PCHO di-block copolymers, which are relatively difficult to prepare by other methods, could be synthesized easily (Table 2 , entry 2 and 3). The PLA-PCHO copolymer could not be made by simple sequential addition using 1 ox , since LA itself could not be polymerized by 1 ox (Table 1) .
Several di-block copolymers could also be prepared by redox-switchable polymerization, such as PCL-PLA, PTMC-PLA, and PCHO-PCL (Table 2 , entries 6 -8), in addition to sequential addition ( Table 2, entries 1-5). The PTMC-PCL copolymers ( Table 2 , entry 5) made by 1 ox have a significantly higher molar mass (12.50 kDa) than expected (1.52 kDa) but show a narrow dispersity (1.03). This phenomenon is also observed in the homopolymers prepared by 1 ox . We propose that the reason for these findings is that only a part of the catalyst is active during the polymerization. Detailed explanations will be given in the DFT calculation section. [86] [87] [88] [89] [90] [91] [92] [93] [94] and predictive studies. [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] To gain a better understanding of the polymerization processes discussed above, detailed theoretical studies were essential. Our group previously reported DFT calculations on redox switchable polymerization by cerium. 43 Those calculation results showed that the activation barrier with the reduced form of the catalyst (5.9 kcal/mol) was lower than that with the oxidized species (10.5 kcal/mol) in the polymerization of LA.
However, this data could not explain why the reaction would not take place with the oxidized catalyst at ambient temperature, as the barrier was relatively low. We propose herein that, for most redox switchable ROP processes, the initiation step is easy and fast in both catalyst states, while the rate of propagation varies from monomer to monomer, causing remarkable differences. ] as the counter anion, the anionic part was ignored in order to simplify the calculations since it is not involved in polymerization directly. It should also be noted that using a dispersion correction is important and the D3 version of Grimme's dispersion 107 was applied. The polymerizations of LA, CL, TMC, and CHO were analyzed. As the mechanism of polymerization of CHO is quite different from that of the other monomers, we will first discuss LA, CL, and TMC together. Figure 6 ). Then, the first insertion of the coordinated LA occurs via a four-membered transition state with an energy barrier of only 4.5 kcal/mol. Although the energy barrier of the next step (ring opening) is higher (13.5 kcal/mol overall), the initiation step of LA with 1 red is an easy process, which corresponds with the experimental results.
The initiation step of CL and TMC went through similar pathways with an activation barrier of 15.3 kcal/mol and 10.3 kcal/mol, respectively ( Figure 6 ). Unlike for LA, for which the ring-opening step is higher in energy than the nucleophilic attack, for CL and TMC, the nucleophilic attack is the rate determining step (Figure 6 ).
Previous reports of ROP theoretical studies would assume at this point that the propagation step went through a similar pathway as the initiation step, with similar energy surfaces (path B in Scheme 3). Although this is a reasonable assumption in most cases, it is usually not true for LA. In addition, from our own experimental results, discussed above, and those of others, 1-13 the polymerization of CL usually goes faster than that of LA while making the corresponding homopolymers. However, when mixing LA and CL for the synthesis of copolymers, LA usually goes faster. [108] [109] [110] This phenomenon cannot be explained by accounting only for the energy barriers of the initiation step. 
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The energy surfaces of the second insertion of CL or LA after the first insertion of LA were then performed ( Figure 7 ). As the chelation of the first LA was strong, the five-membered ring remains intact during the second insertion, resulting in a higher energy barrier (20.1 kcal/mol for LA and 23.0 kcal/mol for CL) than for the initiation step. This finding is supported by a comparison of 13 C NMR spectra from the reaction of 1 red with 1 and 5 equivalents of LA ( Figure S26 ) that shows two types of carbonyl groups coordinated to the aluminum center.
After the insertion step (TS1'), the intermediate has a similar structure to that of the initiation step, so we estimated the energy barrier of TS2' in the propagation step by using the data from the initiation step as described in the following: after the initiation step, we forced the carbonyl group in V ( Figure 6 ) to dissociate from the Al center (O-Al distance > 3 Å, V-release, not shown), optimized the structures and calculated the energy for V-release. It should be noted that V-release is not an actual intermediate for LA, however, it is an existing intermediate for CL, VL, and TMC. In the latter cases, after the first insertion, the C=O group will dissociate from the catalytic center to allow the second monomer to coordinate.
Thus, it is important to consider V-release in order to obtain the correct energy barriers of the propagation steps. As V-release has a similar structure to the starting compound I, the same structures, VII and TS2', would be obtained either from VI or V-release as the starting point. Therefore, by applying the energy difference between V and V-release, together with the data from the initiation steps, reasonable energies of VII and TS2' could be estimated (Table S2 ). The same strategy was also applied below for calculations involving the oxidized state catalyst (Table S2 ).
The insertion of the first LA is always facile (even more so than for CL), as the C=O group in LA is easily attacked by nucleophiles (-O t Bu group). However, after the first insertion, the propagation becomes difficult for LA because of the formation of the five-membered ring intermediate (3 red in Figure 3 , VI red in Figure 6 , both similar to [Me2Al(µ-OCH(Me)C(O))2O(CH2)2OMe]2 reported by Lewiński and coworkers), 79 which makes the coordination of the second LA to the catalytic center difficult. These results
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provide good explanations for several important phenomena: 1) the temperature for the polymerization of LA (70 o C) is in agreement with a 20.1 kcal/mol energy barrier of propagation; 2) only one equivalent of LA undergoes insertion at room temperature (corresponding with a 13.5 kcal/mol energy barrier for initiation); 3) the homopolymerization rate of CL is faster than that of LA because the propagation of CL is faster than LA (no formation of the "five-membered ring"), however, when making LA/CL copolymers in one pot, LA is consumed first (once a LA inserted, the insertion of another LA is easier than that of CL, Figure 7 ) because LA is more electron deficient than CL.
On the other hand, based on previous reports, [5] [6] [7] [8] [9] [10] [11] [12] [13] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] after the insertion of the first equivalent of other monomers (CL, VL, and TMC), the rates of polymerization will not decrease remarkably, indicating that the insertion of the first monomers will not cause such a significant chelation effect like LA. Thus, in these cases, the energy of the initiation step can be used to estimate the energy of propagation.
However, as the reaction rates between initiation and propagation are close, the polymerization can be easily affected by the substituents of the ancillary ligand, the metal center, and the solvents. The polymerizations with 1 ox were different. As the active species became a cation, the Al center was more electron deficient than in 1 red , resulting in a stronger interaction with the carbonyl group. As shown in Figure 8 , the coordination of the monomers was also more favored (exergonic by 11.6 kcal/mol for LA to 19.3 kcal/mol for CL) than in the case of 1 red . The initiation steps with 1 ox were quite similar to those with 1 red . It should be noted that the free energy surfaces are flat around the first transition state. The first transition states shown in Figure 8 of CL and TMC were located by approximation via scanning the energy surface. However, as the carbonyl groups from the monomers have strong interactions with the Al center, the first transition state (the nucleophilic attack) of the propagation steps was different from that of the initiation steps (Scheme 4). As shown in Figure 9 , the activation barrier of the propagation process of LA 22 (24.3 kcal/mol) was higher than that of the initiation step (18.0 kcal/mol). Due to the strong chelation effect of the five-membered ring, no further insertion of LA would occur, resulting in no polymerization of LA with 1 ox . Moreover, as shown in Figure 9 , if we carried out the copolymerization of LA and CL in one pot with 1 ox , only CL would be consumed. The polymerizations of CL and TMC are different from that of LA. As shown in Figure 10 , the overall activation barriers of the propagation steps are lower than those of the initiation steps, meaning that the initiation would take a long time and thus lead to polymers with higher molar masss than expected. These results correspond well with our experimental results. Indeed, it takes days to consume the first 5% of TMC, while the rest is consumed much faster, producing high molar mass polymers.
It should be noted that the barriers from our DFT calculations with 1 ox might be somewhat underesti- 
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Natural bond orbital (NBO) analysis was also applied to understand the mechanism. The NBO charges of the Fe center are more positive in the oxidized than in the reduced state (Table 3) , supporting the proposal that the redox reactions happen on the ferrocene fragments. The following discussion is focused on the interactions between the Al center and the carbonyl groups after the first insertion (stages V for CL and TMC and VI for LA). As shown in Table 3 , the Al centers are more positive while the oxygen atoms from the carbonyl groups are more negative in the oxidized than in the reduced states. In fact, if considering the Wiberg bond order, which measures the extent of covalent interactions, the coordination effect of the carbonyl groups is stronger in the reduced than in the oxidized state. For example, after the insertion of the first CL, the Al-OCO Wiberg bond order is 0.20 in the reduced state and only 0.06 in the oxidized state (for the Al-OCO bond orders of other monomers, see Table S1 ). Thus, these results indicate that the interactions between the Al center and the carbonyl groups are mainly dominated by electrostatic effects for the oxidized systems.
Furthermore, the NBO charges of the alkoxide oxygen atoms were more negative after the insertion step than before for CL and TMC, while for LA, the oxygen atoms were more positive after insertion for both the reduced and oxidized systems. As the first step of ROP is the nucleophilic attack, the less negative the oxygen atom of the alkoxide group is, the more difficult the nucleophilic attack would be. Thus, these results partly explain why the propagation of LA is slower than initiation, while the propagations of CL and TMC are faster. Combining these results, we could design a redox-switchable polymerization of LA and CL in one pot DFT calculations for CHO were also performed. As shown in Figure 11 , after the coordination of one CHO to the Al center of 1 ox , the cleavage of the C-O bond in the three-membered ring was facile (with only a 2.0 kcal/mol energy barrier). Because of the presence of the alkoxide group on the Al atom, the formation of the five-membered ring intermediate III (path A) was favored over a cationic mechanism (path B).
Both the initiation and propagation activation barriers of CHO polymerization are around 2 kcal/mol.
Although the barriers might be underestimated, they suggest a fast polymerization. Indeed, the polymerization of 200 equivalents of CHO in a J-Young NMR tube would finish within 20 min at ambient temperature. This could explain the broad dispersity values and the non-living character of the CHO polymerization.
After the polymerization of CHO, the PCHO chain is still connected to the Al center and can be regarded as an alkoxide group. Thus, the block copolymers PCL-PCHO and PTMC-PCHO could be prepared by the sequential addition of CL or TMC after the polymerization of CHO, while the PLA-PCHO copolymer could not be made via this method (Table 2) , as the propagation of CL and TMC with 1 ox was facile while with LA was not. Furthermore, since we can also polymerize CHO after the polymerization of CL (Table   2 ), this fact supports the proposal that the polymerization of CHO did not go through a cationic mechanism.
Because the active center is not at the metal during a cationic polymerization, if the polymerization of CHO went through a cationic mechanism, we would get a mixture of the homopolymers PCL and PCHO instead of block copolymers, because aluminum has only one initiating alkoxide group and cannot tolerate a coordination number higher than five.
Conclusions
We synthesized and characterized a novel aluminum complex, (thiolfan*)Al(O t Bu), and utilized it as a catalyst to prepare various homopolymers and copolymers by sequential addition or redox switchable ROP. For example, we were able to obtain PLA homopolymers at 70 o C with good control, as evidenced by the agreement with the expected molar masses and narrow dispersity values. The ROP of other cyclic esters to obtain homopolymers such as PCL, PVL, PTMC, and PCHO was also carried out, however, with less control. In addition, several di-block copolymers, such as PTMC-PLA, PCL-PLA, and PTMC-PCHO, were prepared by sequential addition or one pot redox switchable ROP. The formation of copolymers was evidenced by changes in the corresponding GPC/SEC traces and 1 H NMR spectra.
We also studied the mechanism of Al catalyzed ROP both experimentally and theoretically. Detailed DFT studies revealed that the chelation of the carbonyl groups to the metal center plays an important role during the polymerization. For example, the insertion of the first LA is facile with both 1 red and 1 ox , however, after the first insertion of LA, the insertion of a second monomer (such as CL and TMC) is 29 much more difficult. On the other hand, in the reduced state, the insertion of CL or TMC will not lead to a significant change for the next insertion (propagation). However, in the oxidized state, the propagation step will be facilitated by the chelation effect, causing a faster propagation than initiation. The faster propagation than initiation usually translated into a less controlled polymerization, resulting in broad dispersity values and higher molar masses than expected. For example, the ROP of CL with the reduced state catalyst, 1 red , had similar activation barriers for the initiation and propagation steps. Based on these results, we propose that, with different ligands, the ROP of CL could vary from being uncontrolled to controlled.
For the ROP of LA, the propagation was usually much slower than initiation due to the chelation effect of the carbonyl group. We think that this effect is general, making the ROP of LA to be easily controlled with numerous catalysts. Understanding these results can help design novel catalyst systems. For example, a one-pot procedure for the selective copolymerization of LA and CL could be devised even though both monomers react with 1 red .
Moreover, based on the change in NBO charges from 1 red to 1 ox , as well as the SOMO of 1 ox , we
propose that the redox reactions occur on the ferrocene fragments. From the NBO studies, we also found out that the interactions between the Al center and the carbonyl groups are mainly dominated by electrostatic effects in the oxidized compounds. We anticipate that these findings could help us and others design novel catalysts to synthesize various multi-block copolymers efficiently in the future.
Experimental details
General considerations. All experiments were performed under a dry nitrogen atmosphere using standard Schlenk techniques or an MBraun inert-gas glove box. Solvents were purified using a two-col- ometry optimizations were performed with B3LYP. [114] [115] [116] The LANL2DZ basis set [117] [118] [119] with ECP was used for Fe, and the 6-31G(d) basis set [120] [121] [122] was used for other atoms. Frequency analysis was conducted at the same level of theory to verify that the stationary points are minima or saddle points. The single point energies and solvent effects in benzene were computed with PBE1PBE/ 123 SDD-6-311+G(d,p) basis sets 124 by using the PCM solvation model. 125 The D3 version of Grimme's dispersion was applied for the dispersion correction. 107 All enthalpies and the Gibbs free energies are given in Hartree.
Synthesis of (thiolfan*)AlCl (1-Cl). Synthesis of (thiolfan*)Al(O t Bu) (1 red ). To a hexanes suspension (3 mL) of (thiolfan*)AlCl (122 mg, 0.17 mmol), a THF (3 mL) solution of KO t Bu (21 mg, 0.19 mmol) was added at -78 °C, and the resulting mixture was stirred for 1 h. The reaction mixture was then brought to ambient temperature and stirred overnight. The volatiles were removed under reduced pressure, and the residue was re-dissolved in 3 mL toluene and passed through Celite to remove salts. The volatiles were removed under reduced pressure again to give 1 red as a yellow powder. Yield: 124 mg, 96%.
2H, J = 1.2 Hz, aromatic), 7.60 (d, 2H, J = 1.2 Hz, aromatic). 13 
